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,QWURGXFWLRQ
:LQWHU URDG PDLQWHQDQFH VHUYLFH LQYROYHV D ODUJH QXPEHU RI RSHUDWLRQV UHSUHVHQWLQJ D QRWDEOH FKDOOHQJH WR
PXQLFLSDOJRYHUQPHQW7KHVHRSHUDWLRQVLQFOXGHVSUHDGLQJRIFKHPLFDOVDQGDEUDVLYHVVQRZSORZLQJORDGLQJVQRZ
LQWR WUXFNV DQG KDXOLQJ VQRZ WR GLVSRVDO VLWHV 'HFLVLRQPDNLQJ DW WKH VXSHUYLVRU\ OHYHO RI ZLQWHU PDLQWHQDQFH
RSHUDWLRQVLVFRPSOH[DQGRIWHQFRQVWUDLQHGE\WLPHDQGUHVRXUFHV)RUH[DPSOHDWWKHEHJLQQLQJRIDVQRZVWRUP
PDLQWHQDQFHVXSHUYLVRUVPXVWGHFLGHZKHQWRVWDUWVDQGLQJZKDWRSHUDWLRQURXWHVDQGVHTXHQFHWRIROORZDQGKRZ
PXFKFKHPLFDODJHQWRUDEUDVLYHVWRDSSO\$OOWKHVHYDULDQWVFDQEHPRGHOHGDQGVROYHGXVLQJRSHUDWLRQVUHVHDUFK
WHFKQLTXHV0DQ\PDLQWHQDQFHVHUYLFHVVWLOOUHO\LQODUJHSDUWRQGHFLVLRQUXOHVGLFWDWHGE\ILHOGH[SHULHQFHVZKHQ
PDNLQJ YHKLFOH URXWLQJ DQG GHSRW ORFDWLRQ GHFLVLRQV 7KH OLPLWHG SURJUHVV LQ WKH XVH RI RSWLPL]DWLRQPRGHOV LV
VRPHZKDWVXUSULVLQJJLYHQWKDWHYHQDVPDOOLQFUHDVHLQHIILFLHQF\RUHIIHFWLYHQHVVWKURXJKRSWLPL]DWLRQFRXOGUHVXOW
LQ VLJQLILFDQW VDYLQJV LPSURYHGPRELOLW\ DQG UHGXFHG HQYLURQPHQWDO DQG VRFLHWDO LPSDFWV 7KH REMHFWLYH RI WKLV
UHVHDUFKLVWRSURYLGHDVXVWDLQDEOHRSWLPL]DWLRQRIZLQWHUURDGPDLQWHQDQFHVHUYLFHE\PD[LPL]LQJWKHSRWHQWLDORI
WKHVHUYLFHWRHQVXUHVWHDG\WUDIILFFRQGLWLRQV

7KLV SDSHU LV GLYLGHG LQWR WZR VHFWLRQV 7KH ILUVW VHFWLRQ SUHVHQWV D FDVH VWXG\ RQ .UDOMHYLFD ZLQWHU URDG
PDLQWHQDQFHVHUYLFH7KH URDGQHWZRUN LVSUHVHQWHGDVZHOODV WKHPRGHOXVHG IRURSWLPL]DWLRQ LWV VWUXFWXUHDQG
GDWDLQSXWLVH[SODLQHG7KHVHFRQGVHFWLRQVKRZVWKHFRPSDULVRQRIWKHUHVXOWVREWDLQHGE\GLIIHUHQWLQSXWVLQWRWKH
PRGHO SUHVHQWHG LQ WKH ILUVW VHFWLRQ DQG SRVVLELOLWLHV WKDW FRXOG EH XVHG IRU ZLQWHU URDG PDLQWHQDQFH VHUYLFH
LPSURYHPHQWVDUHVXJJHVWHG
3UREOHPIRUPXODWLRQDQGVROXWLRQDSSURDFK
7KHUHVHDUFKZDVFRQGXFWHGE\UHYLHZLQJSUHVHQWVLWXDWLRQRIZLQWHUURDGPDLQWHQDQFHVHUYLFHRI.UDOMHYLFDD
FLW\ ZLWK ORW RI HYHU\GD\ FRPPXWHUV WRZDUG WZR ODUJHU XUEDQ DUHDV &ULNYHQLFD DQG 5LMHND )LJXUH  ,WV DUHD
H[WHQGVRYHUVTXDUHNLORPHWHUVDQGLWKDVDSSUR[LPDWHO\NLORPHWHUVRIURDGZD\ZLWKWKUHHPDLQURDGHQWULHV
WRWKHFLW\&XUUHQWZLQWHUPDLQWHQDQFHVHUYLFHLVREWDLQHGE\DSULYDWHFRPSDQ\'HFLVLRQVSHUWDLQLQJWRZKHQDQG
ZKHUH WR GHSOR\ VHUYLFH YHKLFOHV DUH W\SLFDOO\ PDGH E\ D KXPDQ VXSHUYLVRU EDVHG RQ PRVWO\ VWDWLF ZHDWKHU
IRUHFDVWV WKHILUVWKDQGUHSRUWVRIGHSOR\HGYHKLFOHVDQGSHUVRQDOH[SHULHQFH$VVXFK LW LVQRWRQO\GLIILFXOWIRU
NQRZOHGJHWREHTXDQWLILHGDQGWUDQVIHUUHGEHWZHHQVXSHUYLVRUVEXWDOVRWRVRXQGO\FRPSDUHDOWHUQDWLYHWUHDWPHQW
SODQVRUWRSHUIRUPµZKDWLI¶VFHQDULRVZLWKRXWDFWXDOO\FDUU\LQJWKHPRXWLQUHDOOLIH>@,WVPDQDJHUDQGZRUNLQJ
FUHZZHUHLQWHUYLHZHGDERXWWKHPDLQWHQDQFHURXWHVWLPHQHFHVVDU\WRFRPSOHWHWKHZLQWHUPDLQWHQDQFHRSHUDWLRQV
DQGZKDWRSHUDWLRQVDUHSODQQHGIRUWKHZLQWHU


)LJ0XQLFLSDOERXQGDULHVRI.UDOMHYLFD
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'HFLVLRQPDNLQJDWWKHVXSHUYLVRU\OHYHORIZLQWHUPDLQWHQDQFHRSHUDWLRQVDUHRIWHQFRPSOH[DQGFRQVWUDLQHGE\
WLPHDQGUHVRXUFHV$WWKHRQVHWRIDVQRZVWRUPPDLQWHQDQFHPDQDJHUVDQGVXSHUYLVRUPXVWGHFLGHZKHQWRVWDUW
VDQGLQJZKDWRSHUDWLRQURXWHVDQGVHTXHQFHWRIROORZDQGKRZPXFKFKHPLFDODJHQWWRDSSO\>@7KHLURSLQLRQRI
SRVVLEOHLPSURYHPHQWVKDVEHHQXVHGIRUWKHEHJLQQLQJRIWKHUHVHDUFK

7KH SUREOHP DULVHV ZKHQ WKH FROG IURQW EULQJV XQXVXDO ZHDWKHU FRQGLWLRQV %DVHG RQ WKH ZHDWKHU FRQGLWLRQV
JLYHQ E\&URDWLDQ0HWHRURORJLFDO DQG+\GURORJLFDO 6HUYLFH RYHU WKH ODVW ILYH \HDUV  WKHZRUVW FDVH
VFHQDULR ZDV FKRVHQ IRU IXUWKHU UHVHDUFK :RUVW FDVH RFFXUUHG RQ WKH GD\V EHWZHHQ WK RI -DQXDU\ DQG WK RI
)HEUXDU\RIWKH\HDU7HPSHUDWXUHVZHUHUDQJLQJIURPWR&QRUWKZLQGEORZLQJXSWR%HDXIRUWV
DQG SUHFLSLWDWLRQZDVPHDVXUHG DSSUR[LPDWHO\ PPGD\ 7KHPDLQ REMHFWLYH RI WKLV SDSHU LV WR GHYHORS DQ
RSHUDWLRQ SODQ IRU WKH DYDLODEOH VHUYLFH YHKLFOHVPDLQWHQDQFH URXWHV DQG UHYLHZ RI SRVVLEOH IOHHW FKDQJHV 7KLV
UHVHDUFKLVTXHVWLRQLQJFRXOGDVXVWDLQDEOHRSWLPL]DWLRQRIZLQWHUURDGPDLQWHQDQFHVHUYLFHEHPDGHE\PD[LPL]LQJ
WKHSRWHQWLDORIWKHVHUYLFHWRHQVXUHVWHDG\WUDIILFFRQGLWLRQVLQORQJWHUP

,Q VSLWHRI WKHGLIILFXOW\RIZLQWHU URDGPDLQWHQDQFHYHKLFOH URXWLQJSUREOHPV UHFHQWPRGHOV WHQG WR WDNH LQWR
DFFRXQW D ODUJHU YDULHW\ RI FKDUDFWHULVWLFV RI WKH SUREOHPV DULVLQJ LQ UHDOZRUOG DSSOLFDWLRQV DQG WKH SURSRVHG
VROXWLRQ PHWKRGV DUH RIWHQ EDVHG RQ ORFDO VHDUFK WHFKQLTXHV >@ 7KHUH LV DQ H[WHQVLYH OLWHUDWXUH RI DFDGHPLF
UHVHDUFKRQYDULRXVLVVXHVUHODWHGWRWKHSODQQLQJGHVLJQDQGPDQDJHPHQWRIZLQWHUURDGPDLQWHQDQFHRSHUDWLRQV
VXPPHGXSE\3HUULHUHWDO>@6LQFH.UDOMHYLFDLVORFDWHGLQPLOG0HGLWHUUDQHDQFOLPDWHDUHDWKHUHLVQRQHHGIRU
SODQQLQJ WKH SORZLQJRU VQRZGLVSRVDO RSHUDWLRQV VR FDVH VWXG\ LV FRQFHQWUDWLQJRQ WKH VSUHDGLQJ RSHUDWLRQV RI
ZLQWHUURDGPDLQWHQDQFH

6SUHDGLQJ RSHUDWLRQV DUH GLUHFWHG DW DFKLHYLQJ WKUHH VSHFLILF JRDOV LQ ZLQWHU URDG PDLQWHQDQFH DQWLLFLQJ
GHLFLQJ DQG WUDFWLRQ HQKDQFHPHQW 7KH VHOHFWLRQ RI WKH DSSURSULDWH VSUHDGLQJ RSHUDWLRQ LV EDVHG RQ HFRQRPLFV
HQYLURQPHQWDOFRQVWUDLQWVFOLPDWHOHYHORIVHUYLFHPDWHULDODYDLODELOLW\DQGDSSOLFDWLRQHTXLSPHQWDYDLODELOLW\>@
%HFDXVHRILWVORZSULFHUHDG\DYDLODELOLW\HDVHRIDSSOLFDWLRQDQGUHOLDEOHLFHPHOWLQJSHUIRUPDQFHWKLVSDSHUZLOO
UHYLHZVSUHDGLQJVDOWPL[HGZLWKVDQG7KHRSHUDWLRQVRIVSUHDGLQJFKHPLFDOVDQGDEUDVLYHVFRQFHUQWKHVHUYLFHRID
VHWRIURDGVHJPHQWVE\DIOHHWRIYHKLFOHVZKLFKDUHEDVHGDWRQHRUPRUHGHSRWVORFDWHGLQRQHRUPRUHVHFWRUV
DQGWUDYHORYHUDQDSSURSULDWHWUDQVSRUWDWLRQQHWZRUN9HKLFOHURXWLQJSUREOHPVUHODWHGWRVSUHDGLQJDUHJHQHUDOO\
IRUPXODWHG DV DUF URXWLQJ SUREOHPV >@ 7KH SUREOHP FDQ EH GHVFULEHG DV WKH SUREOHP RI GHVLJQLQJ RSWLPDO
GHOLYHU\RUFROOHFWLRQURXWHVIURPRQHRUVHYHUDOGHSRWVWRDQXPEHURIJHRJUDSKLFDOO\VFDWWHUHGFLWLHVRUFXVWRPHUV
VXEMHFWWRVLGHFRQVWUDLQWV>@

,Q SDUWLFXODU YHKLFOH URXWLQJ SUREOHPV IRU VSUHDGLQJ RSHUDWLRQV FRQVLVW RI GHWHUPLQLQJ D VHW RI URXWHV HDFK
SHUIRUPHG E\ D YHKLFOH WKDW VWDUWV DQG HQGV DW LWV RZQ GHSRW VXFK WKDW DOO URDG VHJPHQWV DUH VHUYLFHG DOO WKH
RSHUDWLRQDOFRQVWUDLQWVDUHVDWLVILHGDQGWKHJOREDOFRVWLVPLQLPL]HG>@+RZHYHULQWKHWLPHGHSHQGHQWYDULDQWRI
WKHYHKLFOHURXWLQJSUREOHPIRUVSUHDGLQJRSHUDWLRQVWKHWLPLQJRIHDFKVHUYLFHSDVVLVRISULPHLPSRUWDQFH7KDWLV
WKHFRVWWRVHUYLFHDURDGVHJPHQWGHSHQGVRQWKHWLPHRIEHJLQQLQJVHUYLFH5HFHQWO\7DJPRXWLHWDO>@SURSRVHG
D QRQOLQHDUPL[HG LQWHJHU SURJUDP DQG D FROXPQ JHQHUDWLRQ DOJRULWKP IRU D VDOW VSUHDGHU URXWLQJ SUREOHPZLWK
FDSDFLW\ FRQVWUDLQWV DQG WLPHGHSHQGHQW VHUYLFH FRVWV ,Q WKLV SUREOHP WKH VHUYLFH FRVW RQ HDFK UHTXLUHG URDG
VHJPHQWLVDSLHFHZLVHOLQHDUIXQFWLRQRIWKHWLPHRIEHJLQQLQJRIVHUYLFH

7KHWUDQVSRUWDWLRQQHWZRUNLVSUHVHQWHGWKURXJKDJUDSKZKRVHDUFVDQGHGJHVUHSUHVHQWVWUHHWVWREHVHUYLFHG
DQGZKRVHQRGHVFRUUHVSRQG WR WKH URDG MXQFWLRQVDQG WR WKHYHKLFOHDQGPDWHULDOVGHSRW ORFDWLRQV ,Q.UDOMHYLFD
WKHUH DUH WRWDO RI  QRGHV LQFOXGLQJ QRGHV IRU YHKLFOH DQG PDWHULDO GHSRW ORFDWLRQ $VVRFLDWHG ZLWK WKH
WUDQVSRUWDWLRQ QHWZRUN LV DPD[LPXP WLPH IRU FRPSOHWLQJ VSUHDGLQJ RSHUDWLRQV EDVHG RQ SROLWLFDO DQG HFRQRPLF
FRQVLGHUDWLRQV )RU WKLV FDVH VWXG\ RQH PRGHO ZLWK WZR GLIIHUHQW YDULDWLRQV ZDV SURJUDPPHG 7KH ILUVW PRGHO
YDULDWLRQ FDOFXODWHV RSWLPDO URXWHV IRU WKH FXUUHQW ZLQWHU PDLQWHQDQFH VHUYLFH DQG WKH VHFRQG PRGHO YDULDWLRQ
LQFUHDVHVWKHQXPEHURIYHKLFOHVDQGGHSRWVIRUJLYHQQHWZRUN
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2.1. Optimization of routes with current winter maintenance service 
&XUUHQWO\WKHUHLVRQHYHKLFOHDVVLJQHGIRUWKHZKROHQHWZRUN7RWDOWLPHQHHGHGWRFRPSOHWHWKHRSHUDWLRQLVWZR
GD\VDFFRUGLQJWRWKHZLQWHUPDLQWHQDQFHVHUYLFHPDQDJHU6LQFHDJHQFLHVKDYHILQLWHUHVRXUFHVWKDWJHQHUDOO\GR
QRWDOORZWKHKLJKHVWOHYHORIVHUYLFHRQDOOURDGVWKH\PXVWWKHQSULRULWL]HWKHLUUHVSRQVHHIIRUWV7KHURDGVRIWKH
FKRVHQQHWZRUNZHUHSDUWLWLRQHGLQWRIRXUFODVVHVZKLFKLQGXFHGDVHUYLFHKLHUDUFK\>@

)URP2SHUDWLRQDOSURJUDPIRUZLQWHUPDLQWHQDQFHRIORFDODQGFRXQW\URDGV>@DQG2SHUDWLRQDOSURJUDPIRUZLQWHU
PDLQWHQDQFHRIXQFODVVLILHGURDGVDQGRWKHUSXEOLFWUDIILFDUHDV>@PDLQHQWUDQFHVWRWKHFLW\ZHUHGHILQHGDVWRSSULRULW\
IROORZHG E\ URDG FRQQHFWLQJ WKH FHQWHU RI WKH FLW\ ZLWK ERWK HQWUDQFHV 5RDGV WKDW OHDG WR DPEXODQFH VFKRRO DQG
NLQGHUJDUWHQZHUHVHOHFWHGDVWKLUGSULRULW\URDGVDQGWKHUHVWRIWKHQHWZRUNZHUHJLYHQWKHPLQLPXPSULRULW\7KHURXWHV
SHUIRUPHGIRUVSUHDGLQJRSHUDWLRQVFDQVWDUWDQGHQGDWRQHRUPRUHYHKLFOHGHSRWV>@$VVRFLDWHGZLWKHYHU\YHKLFOH
GHSRWDUHDJLYHQQXPEHURIYHKLFOHVRIHDFKW\SHLQWKLVFDVHRQHYHKLFOHIRURQHGHSRWDWQRGHDVVLJQHGWRPDLQWDLQ
.UDOMHYLFDURDGQHWZRUN)LJXUH


)LJ0DLQHQWUDQFHVLQWRWKHFLW\DQGGHSRWORFDWLRQV
6SUHDGLQJRSHUDWLRQVDUHSHUIRUPHGXVLQJDIOHHWRIYHKLFOHVFDOOHGVSUHDGHUVZKRVHVL]HDQGFRPSRVLWLRQFDQ
EHIL[HGRUFDQEHGHILQHGDFFRUGLQJWRWKHOHYHORIVHUYLFHSROLFLHVWKHFRQILJXUDWLRQRIWKHVWUHHWVDQGVLGHZDONV
ODQG XVH DQG GHQVLW\ RI GHYHORSPHQW DQG WLPHV IRU VSUHDGLQJ FRPSOHWLRQ IRU HDFK FODVV 7KH FDSDFLW\ RI WKH
VSUHDGHULVH[SUHVVHGDVWKHPD[LPXPTXDQWLW\RIFKHPLFDOVRUDEUDVLYHVWKHVSUHDGHUFDQGLVFKDUJH>@,QWKLV
FDVH WKH VSUHDGHU W\SH LV OLNH WKH RQH DOUHDG\ XVHG IRU WKH SXUSRVHV RI URDGPDLQWHQDQFH LQ.UDOMHYLFDZLWK WKH
FDSDFLW\RIWRQVDQGDSSOLFDWLRQUDWHRINLORJUDPSHUODQHNLORPHWHU

7KHURXWHVPXVWVDWLVI\VHYHUDORSHUDWLRQDOFRQVWUDLQWVZKLFKGHSHQGRQWKHOHYHORIVHUYLFHSROLFLHVDQGRQWKH
FKDUDFWHULVWLFVRIWKHWUDQVSRUWDWLRQQHWZRUNURDGVHJPHQWVVHFWRUVDQGVSUHDGHUV7KHURXWHVVWDUWDQGHQGDWRQHRU
PRUHGHSRWORFDWLRQVDQGHDFKURXWHFDQHQGVHUYLFHDWDGHSRWRWKHUWKDQWKHRULJLQDOVWDUWLQJGHSRW,QDQWLLFLQJ
RSHUDWLRQV URXWHVPXVW VWDUW DW WKHSURSHU WLPH IRU HIIHFWLYHVSUHDGLQJRI FKHPLFDOV7KHGHFLVLRQPXVW WDNH LQWR
DFFRXQW VXFK IDFWRUV DV W\SHRI VQRZH[SHFWHG WHPSHUDWXUHFRQGLWLRQVDW WKH WLPHRI DQG IROORZLQJ DSSOLFDWLRQ
DQWLFLSDWHGYDULDWLRQVDWWKHFULWLFDOIUHH]HWKDZSRLQWPHWKRGVRIDSSOLFDWLRQDQGW\SHVRIFKHPLFDOV7REDODQFH
WKHZRUNORDGDFURVV URXWHV WKH\DUHRIWHQDSSUR[LPDWHO\ WKHVDPH OHQJWKDQGGXUDWLRQ7KLVKHOSVHQVXUH WKDWDOO
VSUHDGLQJRSHUDWLRQVZLOOEHFRPSOHWHGLQDWLPHO\IDVKLRQ6HUYLFHFRQQHFWLYLW\UHTXLUHVWKDWVXEJUDSKLQGXFHGE\
WKHVHWRIURDGVHJPHQWVVHUYLFHGE\DVSUHDGHULVFRQQHFWHG7KHFRQILJXUDWLRQRIURXWHVPD\DOVRQHHGWRFRQIRUP
WRH[LVWLQJVHFWRUERXQGDULHV5RXWHVFURVVLQJWKHVHERXQGDULHVPXVWEHDYRLGHGIURPDQDGPLQLVWUDWLYHVWDQGSRLQW
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6RPHRSHUDWLRQDO FRQVWUDLQWV FDQEH WUHDWHG DVKDUG FRQVWUDLQWV DQGRWKHUV DV VRIW UHTXLUHPHQWVRU DV WHUPV LQDQ
REMHFWLYHIXQFWLRQ)LQDOO\VHYHUDODQGRIWHQFRQIOLFWLQJREMHFWLYHVFDQEHFRQVLGHUHGIRUWKHURXWLQJRIVSUHDGHUV

7KHPRGHOLVEDVHGRQWKH6R\VWHU>@KHXULVWLFZKRGHVFULEHGDFRPSXWHUL]HGV\VWHPIRUWKHURXWLQJRIWUXFNV
IRUVSUHDGLQJRIVDOWDQGDEUDVLYHV7KHV\VWHPVWDUWVE\JHQHUDWLQJIHDVLEOHURXWLQJSODQVWKDWVDWLVI\WKHPD[LPXP
URXWHGXUDWLRQVFRQVWUDLQWVXVLQJWKHSURSRVHGWZRVWHSDOJRULWKPIRUPLQLPDOWRWDOGLVWDQFHWUDYHOHG

6WHS6HWK ĮYLYMZKHUHĮYLYMGHQRWHVWKHSULRULW\LQGH[RIOLQNYLYMLQPRGHOQHWZRUNĮYLYMࣅ^
`ZLWKEHLQJWKHKLJKHVWSULRULW\6HW3 

6WHS
D /HWGYLEHWKHQXPEHURIOLQNVLQFLGHQWWRYL&KRRVHDQRQVHUYLFHGUHTXLUHGOLQNYVWDUWYLVXFKWKDW
ĮYVWDUWYL PLQKDQGGYL YVWDUW Y,IWKHFDSDFLW\FRQVWUDLQWSHUPLWVVHW3 3YVWDUWYL
WKHOLQNYVWDUWYLPXVWEHVHUYLFHGDWOHDVWRQFH
E &KRRVHDQRQVHUYLFHGUHTXLUHGOLQNYLYMVXFKWKDWYLLVDGMDFHQWWRYVWDUWLQPRGHOQHWZRUNĮYVWDUWYL
 PLQKĮYLYM PLQKDQGGYM ,IWKHFDSDFLW\FRQVWUDLQWSHUPLWVVHW3 3YLYMWKHOLQNV
YVWDUWYLDQGYLYMPXVWEHVHUYLFHGDWOHDVWRQFH
F ,IWKHYHKLFOHLVOHVVWKDQKDOIIXOODQGWKHUHPDLQLQJGLVWDQFHLWFDQVSUHDGLVOHVVWKDQWKHGLVWDQFHEDFN
WRWKHPDWHULDOVGHSRWORFDWLRQYFKRRVHWKHQRQVHUYLFHGUHTXLUHGOLQNYMYNRIPD[LPXPSULRULW\K
LQPRGHOQHWZRUNVXFK WKDWYM LV WKHQHDUHVWYHUWH[ WR WKHPDWHULDOVGHSRW ,IQRQRQVHUYLFHGUHTXLUHG
OLQNYMYNRIPD[LPXPSULRULW\FDQEHIRXQGFKRRVHWKHQRQVHUYLFHGOLQNYMYNZLWKORZHUSULRULW\
OHYHO
G ,IWKHFDSDFLW\FRQVWUDLQWSHUPLWVVHWDQGUHWXUQWR6WHSD,IWKHFDSDFLW\FRQVWUDLQWZRXOGEHH[FHHGHG
JRWR6WHSH
H 6HW3 3YMYNWKHOLQNYMYNPXVWEHVHUYLFHGDWOHDVWRQFH
I ,IDOOUHTXLUHGOLQNVDUHVHUYLFHGVWRS2WKHUZLVHUHWXUQWR6WHSD

/HW*   9 ( EH DQ XQGLUHFWHG JUDSKZKHUH9 LV WKH YHUWH[ VHW DQG( LV WKH HGJH VHW /HW. EH WKH VHW RI
KHWHURJHQHRXVVSUHDGHUWUXFNV)RUHDFKQRGHYLࣅ9OHW(YL ^YMࣅ9YLYMࣅ(`EHWKHVHWRIQRGHVDGMDFHQWWR
QRGHYL:LWKHYHU\HGJHYLYMࣅ(LVDVVRFLDWHGDQRQQHJDWLYHOHQJWKFLM)RUHDFKVSUHDGHUWUXFNNࣅ.GHILQHENDV
WKHPD[LPXPGLVWDQFHWUXFNNFDQFRYHUGHSHQGLQJRQLWVFDSDFLW\

0LQLPL]H
σ σ ܿ௜௝ሺݔ௜௝௞ ൅ ݔ௝௜௞൫௩೔ǡ௩ೕ൯אா ሻ௞א௄ ǡ   
VXEMHFWWR

σ ሺݔ௜௝௞ ൅ ݔ௝௜௞ሻ ൒ ͳሺሺݒ௜ǡ ݒ௝ሻ א ܧ௞א௄ ǡ   
σ ܿ௜௝ሺݔ௜௝௞ ൅ ݔ௝௜௞ሻ ൑ ܾ௞ሺ݇ א ܭሻǡ൫௩೔ǡ௩ೕ൯אா    
σ ݔଶ௝௞ ൒ ͳሺ݇ א ܭሻǡ൛௩ೕǣሺ௩మǡ௩ೕሻൟאா    
σ ݔ௝ଶ௞ ൒ ͳሺ݇ א ܭሻǡ൛௩ೕǣሺ௩ೕǡ௩మሻൟאா    
ݔ௜௝௞ א ሼͲǡͳሽቀ൫ݒ௜ǡ ݒ௝൯ א ܧǡ ݇ א ܭቁǤ  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7KHREMHFWLYHIXQFWLRQPLQLPL]HVWKHWRWDOGLVWDQFHWUDYHOHG&RQVWUDLQWUHTXLUHVWKDWHDFKURDGVHJPHQWEH
VHUYLFHGDWOHDVWRQFHIURPHLWKHUGLUHFWLRQE\DVSUHDGHUWUXFN&RQVWUDLQWLPSRVHVDOLPLWRQWKHGLVWDQFHHDFK
WUXFNFDQWUDYHO&RQVWUDLQWVDQGHQVXUHWKDWHDFKWUXFNVWDUWVDQGHQGVLWVURXWHDWWKHGHSRWYUHVSHFWLYHO\
)LQDOO\DOO[LMNYDULDEOHVDUHUHVWULFWHGWREHELQDU\
2.2. Optimization of routes with depot and fleet increase 
)RU WKH VHFRQGPRGHOYDULDWLRQ WKHQXPEHURI WKHGHSRWV DQGYHKLFOHVKDVEHHQ LQFUHDVHG$QRWKHUGHSRW DQG
VDPHW\SHYHKLFOHKDYHEHHQDGGHGWRWKHPRGHODWQRGHVRWKHWRWDOQXPEHURIGHSRWVDQGDVVRFLDWHGYHKLFOHV
HTXDOV WZR /RFDWLRQV RI WKH GHSRWV DUH RQ WKH RSSRVLWH VLGHV RI WKH FLW\1RGHV  DQG  DUH UHSUHVHQWLQJ WKH
GHSRWV ORFDWLRQ LQ VHFRQG PRGHO )LJXUH  7KH VHFRQG PRGHO YDULDWLRQ KDV EHHQ SURJUDPPHG WR UHYLHZ WKH
SRVVLEOHLPSURYHPHQWVIRUWKHZLQWHUPDLQWHQDQFHVHUYLFH7KHURXWHVPXVWVDWLVI\VHYHUDORSHUDWLRQDOFRQVWUDLQWV
ZKLFK GHSHQG RQ WKH OHYHO RI VHUYLFH SROLFLHV DQG RQ WKH FKDUDFWHULVWLFV RI WKH WUDQVSRUWDWLRQ QHWZRUN URDG
VHJPHQWVVHFWRUVDQGVSUHDGHUV7KHURXWHVVWDUWDQGHQGDWWZRGHSRWORFDWLRQVDQGHDFKURXWHHQGVVHUYLFHDWWKH
RULJLQDOVWDUWLQJGHSRW

7KHV\VWHPVWDUWVE\JHQHUDWLQJIHDVLEOHURXWLQJSODQVWKDWVDWLVI\WKHPD[LPXPURXWHGXUDWLRQVFRQVWUDLQWVXVLQJ
WKHSURSRVHGWZRVWHSDOJRULWKPIRUPLQLPDOWRWDOGLVWDQFHWUDYHOHGVLPLODUWRWKHSUHYLRXVO\PHQWLRQHGDOJRULWKP

6WHS6HWK ĮYLYMZKHUHĮYLYMGHQRWHVWKHSULRULW\LQGH[RIOLQNYLYMLQPRGHOQHWZRUNĮYLYMࣅ^
`ZLWKEHLQJWKHKLJKHVWSULRULW\6HW3 

6WHS
D /HWGYLEHWKHQXPEHURIOLQNVLQFLGHQWWRYL&KRRVHDQRQVHUYLFHGUHTXLUHGOLQNYVWDUWYLVXFKWKDW
ĮYVWDUWYL PLQKDQGGYL ,IWKHFDSDFLW\FRQVWUDLQWSHUPLWVVHW3 3YVWDUWYLWKHOLQNYVWDUW
YLPXVWEHVHUYLFHGDWOHDVWRQFH
E &KRRVHDQRQVHUYLFHGUHTXLUHGOLQNYLYMVXFKWKDWYLLVDGMDFHQWWRYVWDUWLQPRGHOQHWZRUNĮYVWDUWYL
 PLQKĮYLYM PLQKDQGGYM ,IWKHFDSDFLW\FRQVWUDLQWSHUPLWVVHW3 3YLYMWKHOLQNV
YVWDUWYLDQGYLYMPXVWEHVHUYLFHGDWOHDVWRQFH
F ,IWKHYHKLFOHLVOHVVWKDQKDOIIXOODQGWKHUHPDLQLQJGLVWDQFHLWFDQVSUHDGLVOHVVWKDQWKHGLVWDQFHEDFN
WRWKHPDWHULDOVGHSRWORFDWLRQYFKRRVHWKHQRQVHUYLFHGUHTXLUHGOLQNYMYNRIPD[LPXPSULRULW\K
LQPRGHOQHWZRUNVXFK WKDWYM LV WKHQHDUHVWYHUWH[ WR WKHPDWHULDOVGHSRW ,IQRQRQVHUYLFHGUHTXLUHG
OLQNYMYNRIPD[LPXPSULRULW\FDQEHIRXQGFKRRVHWKHQRQVHUYLFHGOLQNYMYNZLWKORZHUSULRULW\
OHYHO
G ,IWKHFDSDFLW\FRQVWUDLQWSHUPLWVVHWDQGUHWXUQWR6WHSD,IWKHFDSDFLW\FRQVWUDLQWZRXOGEHH[FHHGHG
JRWR6WHSH
H 6HW3 3YMYNWKHOLQNYMYNPXVWEHVHUYLFHGDWOHDVWRQFH
I ,IDOOUHTXLUHGOLQNVDUHVHUYLFHGVWRS2WKHUZLVHUHWXUQWR6WHSD

/HW*   9 ( EH DQ XQGLUHFWHG JUDSKZKHUH9 LV WKH YHUWH[ VHW DQG( LV WKH HGJH VHW /HW. EH WKH VHW RI
KHWHURJHQHRXVVSUHDGHUWUXFNV)RUHDFKQRGHYLࣅ9OHW(YL ^YMࣅ9YLYMࣅ(`EHWKHVHWRIQRGHVDGMDFHQWWR
QRGHYL:LWKHYHU\HGJHYLYMࣅ(LVDVVRFLDWHGDQRQQHJDWLYHOHQJWKFLM)RUHDFKVSUHDGHUWUXFNNࣅ.GHILQHENDV
WKHPD[LPXPGLVWDQFHWUXFNNFDQFRYHUGHSHQGLQJRQLWVFDSDFLW\1RGHYUHSUHVHQWVWKHGHSRWORFDWLRQVQRGHV
DQGLQWKHPRGHOQHWZRUN

0LQLPL]H
σ σ ܿ௜௝ሺݔ௜௝௞ ൅ ݔ௝௜௞൫௩೔ǡ௩ೕ൯אா ሻ௞א௄ ǡ   

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VXEMHFWWR

σ ሺݔ௜௝௞ ൅ ݔ௝௜௞ሻ ൒ ͳሺሺݒ௜ǡ ݒ௝ሻ א ܧ௞א௄ ǡ   
σ ܿ௜௝ሺݔ௜௝௞ ൅ ݔ௝௜௞ሻ ൑ ܾ௞ሺ݇ א ܭሻǡ൫௩೔ǡ௩ೕ൯אா    
σ ݔ଴௝௞ ൒ ͳሺ݇ א ܭሻǡ൛௩ೕǣሺ௩బǡ௩ೕሻൟאா    
σ ݔ௝଴௞ ൒ ͳሺ݇ א ܭሻǡ൛௩ೕǣሺ௩ೕǡ௩బሻൟאா    
ݔ௜௝௞ א ሼͲǡͳሽቀ൫ݒ௜ǡ ݒ௝൯ א ܧǡ ݇ א ܭቁǤ   
7KHREMHFWLYHIXQFWLRQPLQLPL]HVWKHWRWDOGLVWDQFHWUDYHOHG&RQVWUDLQWUHTXLUHVWKDWHDFKURDGVHJPHQWEH
VHUYLFHGDWOHDVWRQFHIURPHLWKHUGLUHFWLRQE\DVSUHDGHUWUXFN&RQVWUDLQWLPSRVHVDOLPLWRQWKHGLVWDQFHHDFK
WUXFN FDQ WUDYHO &RQVWUDLQWV  DQG  HQVXUH WKDW HDFK WUXFN VWDUWV DQG HQGV LWV URXWH DW WKH GHSRW Y
UHVSHFWLYHO\)LQDOO\DOO[LMNYDULDEOHVDUHUHVWULFWHGWREHELQDU\
5HVXOWV
7KHWZRVFHQDULRVKDYHEHHQFDUULHGRXWDQGOHGWRH[SHFWHGUHVXOWV&XUUHQWPDLQWHQDQFHIOHHWQXPEHUDQGGHSRW
ORFDWLRQ DUH VXIILFLHQW IRU RSWLPDO URDG PDLQWHQDQFH RI D VPDOO WRZQ OLNH .UDOMHYLFD 1HYHUWKHOHVV WKH URXWH
RSWLPL]DWLRQ VKRZV JUHDW SRVVLELOLWLHV IRU LPSURYHPHQW RI PDLQWHQDQFH VHUYLFH WLPH DQG FRVW PDQDJHPHQW %\
IROORZLQJRSWLPDOURXWHVWKHDPRXQWRIWLPHQHHGHGWRFRPSOHWHWKHVSUHDGLQJRSHUDWLRQLVGHFUHDVHG$FFRUGLQJWR
WKHDQDO\VLVDQGURXWHRSWLPL]DWLRQ)LJXUHSUHVHQWVDSDUWRIWKHJHQHUDWHGRSWLPDOURXWHVIRUERWKPRGHOV
7KHILUVWPRGHOZLWKFXUUHQWZLQWHUURDGPDLQWHQDQFHVHUYLFHIOHHWLVVKRZQRQ)LJXUHDDQGWKHVHFRQGZLWK
GHSRWDQGIOHHWLQFUHDVHLVVKRZQRQ)LJXUHE


)LJ3DUWRIJHQHUDWHGURXWHVIRUERWKPRGHOYDULDWLRQV
7KHZLQWHU URDG FOHDQLQJ RSWLPL]DWLRQZDV FDUULHG RXW DFFRUGLQJ WR WKHPRGHO IORZ GLDJUDP )LJXUH  7KH
PRGHO ZDV IRUPXODWHG ZLWK 3\WKRQ D SURJUDPPLQJ ODQJXDJH FUHDWHG E\ *XLGR YDQ 5RVVXP EDVHG RQ HDUOLHU
D E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RSHUDWLRQVUHVHDUFKPRGHOVIRUURXWLQJRIVSUHDGHUYHKLFOHV>@&XUUHQWURDGPDLQWHQDQFHVHUYLFHZDVH[DPLQHG
$FFRUGLQJ WR WKHURDGQHWZRUNRI WKHFLW\QRGHVZHUHDVVRFLDWHGZLWKHYHU\FRQMXQFWLRQRQ WKHURDGVJLYLQJ WKH
URDGQHWZRUNDWRWDORIQRGHV3DUDPHWHUGZDVGHILQHGDVDPDWUL[IRUGLVWDQFHVEHWZHHQHDFKQRGH
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

)LJ6XJJHVWHGPRGHOVIORZGLDJUDP
&RQVWUDLQWVZHUHIRUPXODWHGE\DERYHPHQWLRQHGFRQGLWLRQV/RFDWLRQVRIWKHGHSRWVZHUHVHWDWQRGHIRUWKH
ILUVWPRGHOYDULDWLRQDQGDWQRGHVDQGIRUWKHVHFRQGPRGHOYDULDWLRQ5RXWHGLVWDQFHZDVOLPLWHGE\VSUHDGHU
FDSDFLW\NLORJUDPSHUODQHNLORPHWHULVHTXDOWRNLORPHWHUVSHURQHURXWHIRURQHVSUHDGHU5RDGQHWZRUN
ZDVGLYLGHGLQWRIRXUVHUYLFHKLHUDUFK\FODVVHV5RDGSULRULWL]DWLRQZDVIRUPXODWHGZLWKWKHSULRULWL]DWLRQPDWUL[S
IRUHYHU\FRQQHFWLRQEHWZHHQWZRQRGHVDSULRULW\OHYHOZDVGHILQHG
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7KHPDLQREMHFWLYHRIWKHPRGHOLVWRPLQLPL]HWRWDOGLVWDQFHWUDYHOHGZLWKDJXDUDQWHHWKDWHYHU\DUFLVVHUYLFHG
DW OHDVW RQFH >@ *LYHQ UHVXOW IRU WKH ILUVW PRGHO VKRZ WKDW D VLJQLILFDQW WLPH FDQ EH VDYHG ZKLOH SHUIRUPLQJ
VSUHDGLQJ RSHUDWLRQV DOPRVW  RI WLPH XVXDOO\ VSHQW IRU WKH RSHUDWLRQ :KLOH WKH QHZ PRGHO GHPRQVWUDWHV
LPSUHVVLYHFDSDELOLWLHVWRLQFOXGHPRUHLVVXHVLPSRUWDQWWRWKHRSHUDWLQJDJHQFLHVWKHUHLVVWLOODODUJHJDSEHWZHHQ
VWDWHRIWKHDUWPRGHOVDQGDFWXDOLPSOHPHQWDWLRQV6RPHUHDVRQVIRUWKLVJDSLQFOXGHWKHGLIILFXOW\RIWKHSUREOHPV
WKHXQIDPLOLDULW\ LQ WKHSUDFWLWLRQHUFRPPXQLW\ZLWK WKHDGYDQWDJHVDQGEHQHILWVRI25PRGHOV DQGSUREOHPVRI
WHFKQRORJ\WUDQVIHUWRDGHFHQWUDOL]HGDUHDVXFKDVZLQWHUPDLQWHQDQFH>@
&RQFOXVLRQ
7KHUHVHDUFKGHVFULEHG LQ WKLVSDSHUZDVFRQGXFWHGE\UHYLHZLQJSUHVHQWVLWXDWLRQRIZLQWHUURDGPDLQWHQDQFH
VHUYLFHRI.UDOMHYLFD$OWKRXJKORFDWHGLQWKHPLOG0HGLWHUUDQHDQFOLPDWHWKHFROGIURQWLQWKHODVWFRXSOHRI\HDUV
EULQJVXQXVXDOZHDWKHUFRQGLWLRQV7KHREMHFWLYHRIWKLVUHVHDUFKZDVWRSURYLGHDVXVWDLQDEOHRSWLPL]DWLRQRIZLQWHU
URDGPDLQWHQDQFHVHUYLFHE\PD[LPL]LQJWKHSRWHQWLDORIWKHVHUYLFHWRHQVXUHVWHDG\WUDIILFFRQGLWLRQV7KHSUREOHP
ZDV UHYLHZHG WKURXJK FDSDFLWDWHG YHKLFOH URXWLQJ SUREOHP ZLWK WKH ZRUVW ZHDWKHU VFHQDULR FKRVHQ IRU WKH
VLPXODWLRQ7KHZLQWHUURDGFOHDQLQJRSWLPL]DWLRQZDVFDUULHGRXWDQGVKRZHGURRPIRUDGMXVWPHQWVRIWKHZLQWHU
URDG PDLQWHQDQFH VHUYLFH LQ .UDOMHYLFD *LYHQ WKH FXUUHQW PDLQWHQDQFH VHUYLFH VLWXDWLRQ WKH UHVXOWV RI WKH
RSWLPL]DWLRQ KDYH VKRZQ RSWLPDO PDLQWHQDQFH URXWHV WKDW FUHDWH SRVVLELOLWLHV IRU SODQQLQJ DQG VFKHGXOLQJ WKH
PDLQWHQDQFHWKXVLPSURYLQJWKHPDLQWHQDQFHVHUYLFHPDQDJHPHQW0RGHOSUHVHQWHGLQWKLVSDSHULVDEDVHPRGHO
IRUZLQWHUPDLQWHQDQFHVHUYLFHRSWLPL]DWLRQVZKLFKFRXOGEHXVHGIRULPSURYHPHQWRIPDLQWHQDQFHVHUYLFHVLQRWKHU
VPDOOWRZQDUHDVZLWKVLPLODUFOLPDWHFRQGLWLRQVDVZHOO)XWXUHUHVHDUFKGLUHFWLRQVDUHWRLPSURYHWKHPRGHOZLWK
PRUH LQIRUPDWLRQ DQG FRQVWUDLQWV VXFK DV WLPH DQG FRVW FRQVWUDLQWV DV ZHOO DV ZHDWKHU LQIRUPDWLRQ VRIWZDUH
LPSOHPHQWDWLRQWKXVLPSURYLQJWKHFRVWDQGWLPHRSWLPL]DWLRQRIWKHFLW\EXGJHWV
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